Recent neutrino data have been favourable to a nearly bimaximal mixing, which suggests a simple form of the neutrino mass matrix. Stimulated by this matrix form, a possibility that all the mass matrices of quarks and leptons have the same form as in the neutrinos is investigated. The mass matrix form is constrained by a discrete symmetry Z 3 and a permutation symmetry S 2 . The model, of course, leads to a nearly bimaximal mixing for the lepton sectors, while, for the quark sectors, it can lead to reasonable values of the CKM mixing matrix and masses.
I. INTRODUCTION
Recent neutrino oscillation experiments [1] have highly suggested a nearly bimaximal mixing (sin 2 2θ 12 ∼ 1, sin 2 2θ 23 ≃ 1) together with a small ratio R ≡ ∆m 2 12 /∆m 2 23 ∼ 10 −2 .
This can be explained by assuming a neutrino mass matrix form [2] - [7] with a permutation symmetry between second and third generations. We think that quarks and leptons should be unified. It is therefore interesting to investigate a possibility that all the mass matrices of the quarks and leptons have the same matrix form, which leads to a nearly bimaximal mixing and U 13 = 0 in the neutrino sector, against the conventional picture that the mass matrix forms in the quark sectors will take somewhat different structures from those in the lepton sectors. In the present paper, we will assume that the mass matrix form is invariant under a discrete symmetry Z 3 and a permutation symmetry S 2 .
Phenomenologically, our mass matrices M u , M d , M ν and M e (mass matrices of up quarks (u, c, t), down quarks (d, s, b), neutrinos (ν e , ν µ , ν τ ) and charged leptons (e, µ, τ ), respectively) are given as follows:
where P Lf and P Rf are the diagonal phase matrices and A f , B f , and C f are real parameters.
Namely the components are different in M f , but their mutual relations are the same. This structure of mass matrix was previously suggested and used for the neutrino mass matrix in
Refs [2] - [7] , using the basis where the charged-lepton mass matrix is diagonal, motivated by the experimental finding of maximal ν µ -ν τ mixing [1] . In this paper, we consider that this structure is fundamental for both quarks and leptons, although it was speculated from the neutrino sector. Therefore, we assume that all the mass matrices have this structure.
Let us look at the universal characters of the model. Hereafter, for brevity, we will omit the flavour index. The eigen-masses m i of Eq. (1.2) are given by
3)
The texture's components of M are expressed in terms of eigen-masses m i as
That is, M is diagonalized by an orthogonal matrix O as
Here c and s are defined by
It should be noted that the elements of O are independent of m 3 because of the above structure of M .
The zeros in this mass matrix are constrained by the discrete symmetry that is discussed in the next section, defined at a unification scale (the scale does not always mean "grand unification scale"). This discrete symmetry is broken below µ = M R , at which the righthanded neutrinos acquire heavy Majorana masses, as we discuss in Sec. IV. Therefore, the matrix form (1.1) will, in general, be changed by renormalization group equation (RGE) effects. Nevertheless, we would like to emphasize that we can use the expression (1.1) with (1.2) and (1.3) for the predictions of the physical quantities in the low-energy region. This will be discussed in the appendix.
This article is organized as follows. In Sec. II we discuss the symmetry property of our model. Our model is realized when we consider two Higgs doublets in each up-type and down-type quark (lepton) mass matrices. The quark mixing matrix in the present model is argued in Sec. III. In Sec. IV, the lepton mixing matrix is analysed. Sec. V is devoted to a summary.
II. Z 3 SYMMETRY AND MASS MATRIX FORM
We assume a permutation symmetry between second and third generations, except for the phase factors. However, the condition ( M f ) 11 = 0 cannot be derived from such a symmetry.
Therefore, in addition to the 2 ↔ 3 symmetry, we assume a discrete symmetry Z 3 , under which symmetry the quark and lepton fields ψ L , which belong to 10 L , 5 L and 1 L of SU(5)
where 
Therefore, if we assume two SU(2) doublet Higgs scalars H 1 and H 2 , which are transformed as
the Yukawa interactions are given as follows
where
In (2.7), the symbol * denotes non-zero quantities. Here, in order to give heavy Majorana masses of the right-handed neutrinos ν R , we have assumed a SU(2) singlet Higgs scalar Φ 0 , which is transformed as H 1 . Since we have assumed that the 2 ↔ 3 symmetry is applied to (2.7) except for the phase factors, the general forms of 2) are given by
We have already assumed that ψ L = (ν , e L , d c R ; u L , d L , u c R , e c R ; ν c R ) have the same transformation (2.1) under the discrete symmetry Z 3 , so that ψ Li ψ c Lj are transformed as (2.2) . From this analogy, we assume that the phase matrices P Lf and P Rf come from the replacement
However, differently from the transformation (2.1), we do not assume in (2.9) that all the phase matrices P f are identical, but we assume that they are flavour dependent. This explains the assumption
in the expression (2.8) .
Since the present model has two Higgs doublets horizontally, in general, flavour-changing neutral currents (FCNCs) are caused by the exchange of Higgs scalars. However, this FCNC problem is a common subject to be overcome not only in the present model but also in most models with two Higgs doublets. The conventional mass matrix models based on a GUT scenario cannot give realistic mass matrices without assuming more than two Higgs scalars.
Besides, if we admit that two such scalars remain until the low energy scale, the well-known beautiful coincidence of the gauge coupling constants at µ ∼ 10 16 GeV will be spoiled.
Although the present model is not based on a GUT scenario, as are the conventional mass matrix models, for the FCNC problem, we optimistically consider that only one component of the linear combinations among those Higgs scalars survives at the low energy scale µ = m Z , while the other component is decoupled at µ < M X . The study of the RGE effects given in the appendix will be based on such an "effective" one-Higgs scalar scenario.
III. QUARK MIXING MATRIX
The quark mass matrices
are diagonalized by the bi-unitary transformation
Then, the Cabibbo-Kobayashi-Maskawa (CKM) [8] quark mixing matrix V is given by
where ρ and σ are defined by
(3.5)
Here we have put P ≡ P u P † d ≡ diag(e iδ 1 , e iδ 2 , e iδ 3 ), and we have taken δ 1 = 0 without loss of generality.
Then, the explicit magnitudes of the components of V are expressed as
9)
It should be noted that the elements of V are independent of m t and m b . The independent
Among them, the two parameters θ u and θ d are already fixed by the quark masses of the first and second generations. Therefore, the present model has two adjustable parameters δ 3 and δ 2 to reproduce the observed CKM matrix parameters [9] :
12)
It should be noted that the predictions
are almost independent of the RGE effects, because they do not contain the phase difference, (δ 3 − δ 2 ), which is highly dependent on the energy scale as we discuss in the appendix [see (A.9)] and we know that the ratios m u /m c and m d /m s are almost independent of the RGE effects. In the numerical results of (3.13) and (3.14), we have used the running quark mass
The predicted value (3.13) is somewhat small with respect to the present experimental value |V ub |/|V cb | = 0.08 ± 0.02, but it is within the error.
Next let us fix the parameters δ 3 and δ 2 . When we use the expressions (3.6)-(3.11) at µ = m Z , the parameters δ 2 and δ 3 do not mean the phases that are evolved from those at µ = M X . Hereafter, we use the parameters δ 2 and δ 3 as phenomenological parameters that approximately satisfy the relations (3.6)-(3.11) at µ = m Z . In order to fix the value of δ 3 − δ 2 , we use the relation (3.6), which leads to
Then, we obtain 20) which are consistent with the present experimental data. Therefore, the value (3.17) is acceptable as reasonable. Then, by using the value (3.17) and the expression (3.10), we can obtain the remaining parameter (δ 3 + δ 2 ) :
Since sin(δ 3 − δ 2 )/2 ≃ 0.04 and cos(δ 3 + δ 2 )/2 ≃ 0.2, the present model also predicts the following approximated relations Here, α q i comes from the rephasing in the quark fields to make the choice of phase convention.
The CP-violating phase δ in the representation (3.25) is expressed with the expression V in
It is interesting that nearly maximal | sin δ| is realized in the present model.
In the present model with (3.6)-(3.11), the parameter J is given by Let us discuss the lepton sectors. We assume that the neutrino masses are generated via the seesaw mechanism [12] :
Here M D and M R are the Dirac neutrino and the right-handed Majorana neutrino mass matrices, which are defined by
according to the assumption (2.9), we obtain
Here and hereafter, m 1 , m 2 and m 3 denote neutrino masses unless they are specifically mentioned. In the last expression, we have used the fact 1 that the product of AB −1 A of the matrices A and B with the texture (1.3) again becomes a matrix with the texture (1.3) .
On the other hand, the charged lepton mass matrix M e is given by
where m e , m µ and m τ are charged lepton masses.
Those mass matrices M e and M ν are diagonalized as (P † e O e ) † M e (P e O e ) = D e and
Here c e and s e are obtained from Eq. (1.9) by replacing m 1 and m 2 in it by m e and m µ ; c ν and s ν are also obtained by taking the neutrino masses m i . Therefore, the Maki-Nakagawa-Sakata-Pontecorv (MNSP) lepton mixing matrix [14] U can be written as
where P ≡ P e P † ν ≡ diag(e iδ ν1 , e iδ ν2 , e iδ ν3 ). Hereafter we take δ ν1 = 0 without loss of generality.
The explicit forms of absolute magnitudes of the components of U are given by expres- Let us estimate the values θ ν , δ ν3 and δ ν2 by fitting the experimental data. In the following discussions we consider the normal mass hierarchy ∆m 2 23 = m 2 3 − m 2 2 > 0 for the neutrino mass. The case of the inverse mass hierarchy ∆m 2 23 < 0 is quite similar to it. It follows from the CHOOZ [15] , solar [16] , and atmospheric neutrino experiments [1] that
From the global analysis of the SNO solar neutrino experiment [16] , The neutrino mixing angle θ atm under the constraint |∆m 2 23 | ≫ |∆m 2 12 | is given by
The observed fact sin 2 2θ atm ≃ 1.0 highly suggests δ ν3 − δ ν2 ≃ π/2. Hereafter, for simplicity, we take
Under the constraint (4.13), the model predicts
m e m µ + m e = 0.00236 , or sin 2 2θ 13 = 0.00942 . This value is consistent with the present experimental constraints (4.6) and can be checked in neutrino factories [17] , which have sensitivity to sin 2 2θ 13 for sin 2 2θ 13 ≥ 10 −5 .
(4.16)
The mixing angle θ sol in the present model is given by 
where we have used the observed best fit values of ∆m 2 sol and ∆m 2 atm , (4.7) and (4.9), respectively.
Next let us discuss the CP violation phases in the lepton mixing matrix. The Majorana neutrino fields do not have the freedom of rephasing invariance, so that we can use only the rephasing freedom of M e to transform Eq. (4.5) to the standard form Here, α e i comes from the rephasing in the charged lepton fields to make the choice of phase convention, and the specific phase ±π/2 is added on the right-hand side of U in order to change the neutrino eigen-mass m 1 to a positive quantity. Similarly to the quark sector, the CP-violating phase δ ν in the representation (4.20) is expressed as
Though the lepton mixing matrix includes the additional Majorana phase factors β and γ [18, 19] , the number of parameters which will become experimentally available in the near future is practically four, as in the Dirac case. The additional phase parameters are determined as
, (4.23) and γ = arg U std 13 U std 11 e iδν = arg
by using the relations m e ≪ m µ and (δ ν3 − δ ν2 )/2 ≃ π/4. Hence, we can also predict the averaged neutrino mass m ν [19] , which appears in the neutrinoless double beta decay, as follows:
The value of (4.25) is highly sensitive to the value of (δ ν3 + δ ν2 )/2, which is unknown at present, because the values s e /c e = m e /m µ ≃ 0.070 and √ m 1 m 2 /m 3 ≃ 0.088 are in the same order. For (δ ν3 + δ ν2 )/2 = 0, π/2 and π, we obtain the numerical results m ν = 0.00018 eV, 0.00049 eV and 0.00069 eV, respectively. However, these values should not be taken strictly because the value m 1 /m 2 is also sensitive to the observed value of tan 2 θ sol .
In any cases, the predicted value of m ν will be less than the order of 10 −3 eV.
The rephasing-invariant parameter J in the lepton sector is defined by J = Im(U 12 U * 22 U * 13 U 23 ), which is explicitly given by
The upper bound is described in terms of the ratio m 1 /m 2 , so that we obtain
It should be noted that if we again assume the maximal CP violation in the lepton sector, the magnitude of the rephasing invariant |J| can be considerably larger than in the quark sector, |J quark | ≃ 2 × 10 −5 .
V. CONCLUSION
In conclusion, stimulated by recent neutrino data, which suggest a nearly bimaximal mixing, we have investigated a possibility that all the mass matrices of quarks and leptons have the same texture as the neutrino mass matrix. We have assumed that the mass matrix form is constrained by a discrete symmetry Z 3 and a permutation symmetry S 2 , i.e. that the texture is given by the form (1.1) with (1.2) . The most important feature of the present model is that the textures (1.1)-(1.2) are practically applicable to the predictions at the low energy scale (the electroweak scale), although we assume that the textures are exactly given at a unification scale.
It is well known that the matrix form (1.1) leads to a bimaximal mixing in the neutrino sector. In the present model, the mixing angle θ f 12 between the first and second generations is given by
where m f 1 and m f 2 are the first and second generation fermion masses. This leads to a large mixing in the lepton mixing matrix (MNSP matrix) U with m 1 ∼ m 2 (neglecting tan θ e 12 = m e /m µ in the charge lepton sector), and it also leads to the famous formula [20] |V us | ≃ m d /m s in the quark mixing matrix (CKM matrix) V (neglecting tan θ u 12 = m u /m c in the up-quark sector). In the present model the mixing angle θ f 23 between the second and third generation is fixed as θ f 23 = π/4. However, the (2,3) component of the quark mixing matrix V (and also the lepton mixing matrix U) is highly dependent on the phase difference δ 3 − δ 2 , as follows
Replacing the arguments by their leptonic counterparts, we have the same form for U 23 . We have understood the observed values V 23 and U 23 by taking (δ 3 −δ 2 )/2 as a small value for the quark sectors and as π/2 for the lepton sectors, respectively. As predictions, which are independent of such phase parameters, there are two relations , y 2 c , · · ·. Therefore, we will also use approximation below.
The one-loop RGE for the Yukawa coupling constants Y f (f = u, d) has the form Since the matrix Y u Y † u is approximately given by
and we have used the relations (1.6) and the approximation y 2 t ≫ y 2 b , y 2 c , · · ·, the up-quark Yukawa coupling constant Y u (µ) in the neighbourhood of µ = M X is given by the form
Although this form is one in µ ≃ M X , but, since the texture keeps the same form under However, the conclusion does not depend on this choice.)
On the other hand, the evolution of the down-quark Yukawa coupling constant Y d (µ) is somewhat complicated. By a way similar to (A.3), we obtain
Note that the part that is sandwiched between P † d and P † d includes imaginary parts and those phase factors cannot be removed by an additional phase matrix P d (µ) into the form P † d (µ) Y d (µ)P † d (µ). However, the quantity that has the physical meaning is Y d Y † d . When we define ξe −iα = 1 + ε d (1 − e −i(δu−δ d ) ) , ηe +iβ = 1 + ε d (1 + e +i(δu−δ d ) ) , (A.5)
we obtain
where P β = diag(1, e iβ , e −iβ ) , (A.7)
so that we can obtain a real matrix for the part which is sandwiched by the phase matrix P d P β under the approximation A 2 d /|B d C d | ≃ 0. This means that we can practically write In the Yukawa coupling constants Y e and Y ν of the leptons, the RGE effects are not so large as in the quark sectors. In the charged lepton sector, since m 2 τ ≫ m 2 µ ≫ m 2 e , we can again demonstrate that the expression (1.1) is applicable at an arbitrary energy scale in a way similar to the quark sectors. For the neutrino Yukawa coupling constant Y ν (µ), the evolution equation is different from (A.1). We must use the RGE for the seesaw operator [22] . However, the calculation and result are essentially tge same as those in Y u (µ), Y d (µ)
and Y e (µ), because m 2 3 ≫ m 2 2 > m 2 1 in the present model.
Finally, we would like to add that these conclusions on the evolution of the mass matrices M f (f = u, d, e, ν) are exactly confirmed by numerical study, without approximation.
